1. An isolated skeletal muscle preparation is described which has been used to study the efflux of enzymes in response to contractile activity, metabolic poisons and detergent treatment.
Introduction
The release of intracellular enymzes, most notably creatine kinase, from diseased muscle is a wellCorrespondence: Dr D. A. Jones, Department of Medicine, Rayne Institute, University Street, London WClE 655. known phenomenon [l] and in some conditions, such as Duchenne muscular dystrophy, the plasma levels of enzyme are often two orders of magnitude greater than normal. Circulating levels of enzyme may also be raised in normal subjects after exercise [2, 3] and an abnormal response t o exercise has been used to differentiate between various muscle disorders [4] . It is generally assumed that the release of intracellular constituents signifies a change in the Permeability of the surface membrane of the muscle fibres but little is known about the immediate cause of the chronic changes in disease or the more transitory alterations h permeability seen after exercise of normal muscle.
In contrast, the release of intracellular constitu-,ents from cardiac muscle after coronary damage has been extensively studied, the time course of the release of different enzymes is well documented and plasma enzyme levels are used as an indicator of infarct size [ S , 61. The use of isolated cardiac preparations has been of considerable importance in examining the causes of cardiac damage and exploring possible ways of preventing this [7, 8] .
The extensive use of isolated cardiac preparations is in contrast to skeletal muscle, where there have been relatively few studies. Previous workers have used amphibian, chicken and rat muscles and found that physical damage, detergents, hypoxia and high potassium all tend to increase the rate of enzyme efflux. There has, however, been no systematic study of the effects of contractile activity on enzyme release although there have been isolated reports that stimulation both does [13] and does not [14] give rise to increased efflux.
We describe here a preparation of mouse leg muscles that allows a detailed examination of the effects of contractile activity on rates of enzyme efflux. After fatiguing activity there is a charac-teristic lag phase before the enzyme is released. We have compared this with the effects of detergents and metabolic poisons and suggest that the release after fatiguing activity is initiated by decreased levels of ATP or phosphorylcreatine.
Methods

Muscles
Soleus and extensor digitorum longus muscles were carefully dissected from adult female albino mice as previously described [15] ; each type of muscle weighed 10 mg and was about 10 mm in length. The muscles were attached to small glass holders and placed in plastic tubes containing 2.5 ml of bicarbonate-buffered medium [16] with glucose (10 mmol/l), calcium chloride (2 mmol/l), and gassed with O2/CO2 (95 : 5). The tubes were mounted in a thermostat-controlled water bath maintained at 37°C (see Fig. 1 ). Two of the holders were fitted with platinum stimulating electrodes and the proximal tendons of the muscles in these holders were tied t o fine glass hooks attached to force transducers. Electrical stimulation was with square-wave pulses of 0.1 ms duration and 30 V, which was approximately three times the voltage required to elicit a maximum contraction. Muscle length was adjusted to give maximum twitch
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i-J tension. During the fatiguing runs the muscles were stimulated for 0.5 s every 5 s at a frequency of 100 Hz. Isometric tension was recorded and the active force together with the passive contracture tension were measured.
At 30min intervals the medium in each tube was removed with the aid of the peristaltic pump and replaced with fresh medium warmed to 37°C. Bovine serum albumin (0.1%) was added to the collected samples to stabilize and minimize losses of enzyme activity.
Enzyme analyses
Lactate dehydrogenase (LDH) was measured in the direction of pyruvate to lactate by following the oxidation of NADH at 340 nm. The assay medium contained potassium phosphate buffer (100 mmol/l, pH 7.4), NADH (0.1 mmol/l) and sodium pyruvate (1 mmol/l) and the reaction was started by the addition of pyruvate. Creatine kinase (CK) was measured by using a linked enzyme assay, the production of NADPH also being followed at 340 nm. The assay medium contained triethanolamine buffer (50 mmol/l, pH 7. Schematic diagram of the apparatus used to follow the efflux of muscle enzymes. The outer two holders had platinum stimulating electrodes and the muscles were attached to force transducers. The bathing medium was continuously gassed and could be rapidly removed with the peristaltic pump for collection and subsequent analysis.
phate dehydrogenase (1.5 m-units). The reaction was started by the addition of sample and the absorbance change measured after about 5 min when the rate had become linear. All analyses were carried out at 25°C and activities are expressed as units; 1 unit is the enzyme activity that converts lpmol of substratelmin. It was found to be important to assay both activities as soon as possible (within 3 h) to avoid losses during storage. In some experiments lactate in the medium was measured by an automated fluorescence method.
When all muscles had been mounted and adjustments made the medium in the tubes was pumped out, discarded and the experimental protocol begun. This consisted of a 30 min pretreatment period, after which the medium was exchanged and the muscles were either then stimulated or the test substance was added to the medium for the next 30 min. This is referred to as the 'treatment' period in the text and Figures. At the end of this time the medium was exchanged and this was repeated at 30 min intervals for the next 3 h. At the end of the experiment the muscles were blotted dry, weighed, homogenized in 2.0 ml of phosphate buffer (100mmol/l, pH 7.4) and LDH activity was determined in the homogenate after 1 : 20 dilution.
In some experiments hypoxic conditions were obtained by changing the gas mixture to N2/C02 (95 : 5). In other experiments in which metabolic poisons were added, sodium cyanide and sodium iodoacetate were dissolved in a small volume of medium and the pH was adjusted to 7.4 before adding to the bulk of the incubation fluid. Sodium deoxycholate was likewise dissolved in a small volume of fluid and the pH adjusted before adding to the incubation medium.
Enzymes and cofactors were obtained from Boehringer, other chemicals were from BDH and were of AnalaR grade.
Results
Effects of stimulation under normoxia and hypoxia
Mouse soleus muscles were stimulated under either normal oxygenated conditions or under hypoxic conditions for the 30 min treatment period. After stimulation all muscles were allowed to recover in the presence of oxygen. Typical force records are shown in Fig. 2 . When stimulated under normoxic conditions the total force fell over the course of 20 min to reach about 50% of the initial force generated. There was a rise in resting tension at about lOmin, reaching 20% of the maximum tetanic tension. During the 3 h after the end of repetitive stimulation the muscles were tested with a single tetanic stimulus once every 30 min. A small (less than 15%) recovery of force was seen in the first 30min period after stimulation with no change thereafter.
When stimulated under hypoxic conditions the fatigue of force was more rapid, there being very little active tension remaining after about 5 min stimulation (Fig. 2) . Contracture tension was greater and occurred earlier than was the case with the muscles under normoxic conditions. The contracture tension resolved over the 30 min. There was no recovery of force in the 3 h incubation after repetitive stimulation under hypoxic conditions. Lactate measurements made on the medium (Table 1) indicate that under normoxic conditions the soleus muscles were largely functioning aerobically, since very little extra lactate was formed by the stimulated muscle. Under hypoxic conditions considerable amounts of lactate were formed by both the control and stimulated muscles. It is a little surprising that the stimulated muscle did not show a greater increase when compared with the Hypoxia controls but this may be due to the fact that, although stimulated throughout the 30 min period, active tension was generated only for the fust 5 min (Fig. 2 ).
Enzyme efflux
In undamaged preparations very little enzyme accumulated in the medium during the initial 30 min pretreatment period and in the control unstimulated muscles there was a tendency for even this level to decrease over the next 3 h. When stimulated under normoxic conditions no enzyme release was seen in the 30 min whilst the muscle was being stimulated, but release began in the period after stimulation and reached a peak at about 60min after the end of stimulation. Over the next 2 h the rate declined a little but still remained high (Fig. 3) .
Hypoxic conditions resulted in a release of enzyme from the control unstimulated muscle during the hypoxic period, which then continued at the same level for the next 30 min before slowly falling. Stimulation under these conditions resulted in no additional efflux over and above that seen in the control muscles during the treatment period, but in the subsequent periods large quantities of enzyme were released, being approximately twice as much as when the muscles were stimulated under normoxic conditions.
Muscle contents of LDH in the fresh and incubated control and stimulated muscles are given in Table 2 . The total recovery of enzyme activity in muscle and bath was about 85%, indicating a certain amount of inactivation during the course of the experiment. For the muscles stimulated under normoxic conditions the activity in the muscle at the end of the experiment was about 60% of the control, whereas for the muscles stimulated under hypoxia the amount remaining in the muscle was about half this ( Table 2) .
Comparison of fast and slow muscles
Extensor digitorum longus (EDL), a fast muscle, fatigued very much more rapidly than the soleus muscles (slow muscle) under either aerobic or hypoxic conditions. In addition there was significant lactate production even when the muscles were stimulated under normoxic conditions.
A comparison of the enzyme efflux when the two types of muscle were stimulated under aerobic conditions is shown in Fig. 4 . As with the soleus very little enzyme was released from the control unstimulated EDL nor was there any significant release during the stimulation period itself. Until 60 min the release was very similar in the two muscles; however, the rate of enzyme efflux continued to increase in the EDL, reaching a peak at 120 min as compared with 60 min for the soleus muscles. Although the total quantity of enzyme released from the EDL was about three times that from soleus muscles of a similar size, the total content of an intact fresh EDL was also about three times that of the soleus muscles (Table 2) and consequently the fraction of the total muscle enzyme appearing in the medium was similar.
Metabolic poisons and enzyme release
Soleus muscles were incubated under aerobic conditions and during the treatment period iodoacetic acid (0.2 mmol/l) and sodium cyanide (2 mmol/l) were added to the medium. After 30 min the medium was exchanged for normal oxygenated medium and the efflux of enzyme followed for the next 3 h in the usual way. The muscle became inexcitable after about 5 min incubation with the poisons, and a contracture developed, reaching 20% of the maximum fresh muscle tetanic force at about 10 min. This tension resolved over the next 20 min. There was no recovery of excitability during the 3 h after the treatment period.
No enzyme was released from the poisoned muscle during the initial 30 min treatment period but, after this, at a time when there was no additional poisons in the medium, the rate of enzyme efflux rose to a maximum at 120 min before declining (Fig. 5) . The enzyme released was approximately 80% of the total muscle content.
Enzyme release
Detergent treatment and enzyme efflux Sodium deoxycholate (DOC; lmmol/l) added to the medium during the treatment period resulted in an immediate and large release of the intracellular enzyme (Fig. 6 ). This was maximal at the end of the treatment period and the rate declined thereafter. The muscle rapidly lost excitability and remained inexcitable for the rest of the experiment.
Release of creatine kinase. In a number of experiments CK was measured in the incubation medium in parallel with LDH. In all circumstances, in control muscles, stimulated, poisoned or detergent-treated muscles, the enzymes were released from the muscle with identical time courses. Results for a control and stimulated muscle are shown in Fig. 7 , clearly demonstrating the parallel release of these two enzymes.
Discussion
The small leg muscles of the mouse have proved to . b e a very suitable preparation for the study of intracellular enzyme efflux. The muscles are sufficiently small to allow adequate diffusion, so they remain well oxygenated when at rest and the soleus muscle also appears to be able to continue aerobic metabolism when stimulated under normoxic conditions (Table 1) . Despite their small size they generate sufficient force to be measured without undue difficulty and the quantity of enzyme released is large enough to be conveniently assayed.
The most striking feature of the enzyme release was the characteristic time course after stimulation. No LDH was released during the stimulation period and it was not until 1-2 h after the end of stimulation that the rate of efflux reached a maximum. Stimulation under hypoxic conditions was more harmful to the muscle, as judged by the loss of force, and although increasing the total quantity of enzyme released, it still showed the delayed rise in the rate of efflux (Fig. 3) . Similar time courses were seen with both the fast and slow muscles and a similar proportion of the intracellular contents was released (Fig. 4) . A number of factors may give rise to enzyme release from muscle after activity. We have examined two of these, the energy depletion of the tissue and disruption of the fibre surface membranes.
The combination of iodoacetate and cyanide is known to lead to the almost complete depletion of phosphorylcreatine, followed by a loss of ATP [17] . This is accompanied by the development of a muscle contracture. Since glycolysis is inhibited, acidosis will not be a factor and the large enzyme release seen in these circumstances is therefore most likely a consequence of the decrease in phosphorylcreatine, ATP or the concomitant increase in inorganic phosphate, ADP, AMP or inosine monophosphate. The fact that the release of enzyme is delayed, reaching a maximum at 60-120 min after the treatment period, as is the case with electrical stimulation, suggests that the altered energy status of the cell initiates some relatively slow change in membrane permeability, resulting in enzyme loss.
The similarity between the time course of release in the stimulated and the poisoned (but not stimulated) muscles suggests that the damage is not an artifact caused by the passage of electric current throughout the preparation.
Detergent treatment released muscle enzymes very rapidly. The concentration of DOC used (1 mmolll) was rather high and might be expected to give rise to dissolution of the tissue and rapid release of fibre contents. We have subsequently found that lower concentrations of DOC, where they cause any release, do so with the same rapid time course. A similar rapid efflux was occasionally seen when a muscle had been damaged during dissection or had been overstretched and torn. Damage to the muscle membrane seems, therefore, to be characterized by a very rapid loss of enzyme after the injury, and differs from that seen after contractile activity.
The fmdings suggest that with the preparation and stimulation conditions used here a decreased energy content of the muscle is responsible for initiating the enzyme release. It is unlikely to be a consequence of acidosis, since the muscles stimulated under normoxic conditions produced very little lactate yet still released enzyme, and the muscles poisoned with iodoacetic acid will have produced no lactate yet showed a large efflux of LDH. Although tissue metabolite contents were not measured in this study it is known that in fatigued muscle the ATP content is reduced [17] , and the development of appreciable resting tension indicates that this also occurred in the present series of experiments. How a low phosphagen content can give rise to loss of intracellular constituents is not known, but there are numerous possibilities that include activation of lysosomal enzymes or the possible influx of extracellular calcium with consequent damage to mitochondria and activation of proteases and lipases. This particular question has dominated research into the mechanisms of cardiac muscle damage for over a decade now [ 181, and it remains to be seen how similar are cardiac and skeletal muscles in this respect.
Plasma levels of skeletal muscle enzymes after exercise in normal subjects usually reach a maximum within 24 h [2,3]. In the light of our present results it seems that both metabolic changes and physical damage could play a part. If the exercise is severe and possibly ischaemic then some muscle fibres may be sufficiently depleted to release enzyme in a way analogous to the stimulated muscles in this work. This would be even more likely in cases where there is a metabolic lesion such as in myophosphorylase or phosphofructokinase deficiency. Likewise in strenuous exercise it seems probable that some muscle fibre surface membranes will become damaged, giving rise to a rapid release of enzymes.
The present results are primarily concerned with the release of LDH. This has a molecular weight of 140 000 and the delayed enzyme release might be a reflection of the comparatively large size of the molecule. In the experiments in which CK (molecular weight 8 1000) was also measured the time course was found to be identical for the two enzymes (Fig. 7) . We therefore have no evidence to suggest any selection according to size in the efflux from damaged muscle. It will be of considerable interest to examine the efflux of smaller proteins.
The reasons for enzyme release in various disease states remains unknown. The work presented here, in addition to providing some clues about the involvement of cellular energy levels, also shows that the preparations used are suitable for the further study of mechanisms causing damage to skeletal muscle.
